Films of whey protein isolate/sodium montmorillonite/citric acid nanocomposites were developed by casting. The objective of this study was to evaluate the effect of the sodium montmorillonite clay (MMT) and citric acid (CA) content on the water vapor barrier, optical, morphological and structural properties of whey protein isolate (WPI) films. The interaction between MMT (3 g/100 g of WPI) and CA (5 g/100 g of WPI) showed lower water vapor permeability (WVP). The addition of CA and MMT caused small alterations in the optical properties without affecting appearance, in more opaque films, in relation to the WPI. The scanning electron microscopy (SEM) showed possible dispersion results for films with 1% MMT, and 5 and 10% CA. Infrared Spectroscopic peaks (FTIR) showed interaction between CA, MMT and WPI.
Introduction
There is growing societal interest in reducing the environmental impact caused by excess food packaging discarded after use. This fact, coupled with the interest of consumers seeking higher products quality and shelf life, has driven the development of new research into active packaging. Thus, studies of packaging materials based on biopolymers are being increasingly explored.
[1] Biopolymers, such as polysaccharides, proteins, lipids and their mixtures, are considered promising as arrays in active packaging systems due to their biodegradability, sustainability and abundance. [2] Another trend in research into active packaging examines the interactions between the packaging materials and food, in order to assess the controlled migration of active substances.
[3] Proteins, for example, are suitable for film preparation because of their high plasticity and elasticity [4] and such films may carry food additives such as antioxidants, antimicrobials, colorants and flavorings, among others. [5] The WPI consists primarily of β-lactoglobulin (β-Lg, 44-70%) and α-lactalbumin (α-La, 14-22%), along with immunoglobulins and bovine serum albumin (BSA, 1-5%). [6] It is a biopolymer which has received attention for use as an edible or biodegradable food packaging material as it produces transparent films and coatings that can act as a barrier to oxygen and provide certain mechanical properties. [7] Research has been conducted to evaluate the effect of interaction between citric acid and montmorillonite clay on the performance properties of biodegradable films.
[8] Citric acid is an additive that can be added to the active packaging seeking its controlled release in order to inhibit spoilage reactions in foods, such as enzymatic browning. This acid is not an antioxidant, it is an organic acid naturally found in plant products, which acts as a copper chelator, working synergistically with ascorbic acid, erythorbic acid and their neutral salts. [9] Other authors related that citric acid has a antioxidant effect on the accelerated oxidative stability test Rancimat and reduce lipid oxidation development.
[10] The citric acid can enhance the lamination dispersion of montmorillonite clay in starch nanocomposites and improve the water vapor permeability.
[8] The montmorillonite clay has a layered silicate, which combined with polymers provide mechanical property and thermal barrier enhancements, as well as that of other physico-chemical properties, when compared to polymers. [11] Thus, the objective herein was to evaluate the effect of CA combined with MMT on morphological (SEM), optical (color and transparency), structural (infrared spectroscopy), and water vapor resistance properties of WPI films seeking future applications such as active packaging.
Material and methods

Material
WPI with 90% protein was obtained from Hilmar Ingredients (Hilmar CA, USA). Glycerol from Sigma-Aldrich (Brazil), granular citric acid anhydrous, Cargill (Uberlândia, MG, Brazil) and the montmorillonite clay (Cloisite Na + ) nanoparticles was provided by Southern Clay Products, Inc (Gonzales, TX, USA).
Preparation of whey protein isolate bionanocomposites
WPI films were developed, WPI and glycerol being fixed at 6 w/v and 40 g/100 g of WPI, respectively. The MMT0CA0 film (control) was prepared by dissolving 6 g (w/v) of WPI in 44 mL of distilled water with 2.4 g of glycerol (GLY) (based on 100g WPI) in 56 mL of distilled water, both separately subjected to continuous agitation on a magnetic stirrer for 30 min at room temperature. After stirring, the solutions were poured together and kept under continued agitation for 10 min at room temperature. The pH was then adjusted to 8 with NaOH 2N and the final solution submitted to an ultrasonic homogenizer (Sonifier Cell Disruptor Branson -Model 450D, Manchester, UK) for 10 min at output of 80 W/25°C. Subsequently, the solutions were heated at 90°C for 30 min in a water bath, cooled to room temperature and poured on glass plates. The other films, were developed in the same manner as the MMT0CA0 film, the MMT (0, 1, 3 g/100 g of WPI) and citric acid (0, 5, 10 g/100 g of WPI) being dispersed in glycerol aqueous solution and codified as MMT0CA5; MMT0CA10; MMT1CA0; MMT1CA5; MMT1CA10; MMT3CA0; MMT3CA5 and MMT3CA10. The thickness control was accomplished by the volume applied to the support, corresponding to 110 mL. The films with dimensions of 18 × 30 cm were then dried at room temperature for 48 h to ensure slow evaporation of the solvent and film formation.
Film conditioning and thickness
All films were stored at a controlled temperature of 23 ± 2°C and 50 ± 5% relative humidity for 48 h before analysis, according to the D618-00 method. [12] The average thickness of the films was measured by reading at ten distinct points, randomly chosen in each test body, using a Mitutoyo digital micrometer (accuracy 0.01 mm Mitutoyo, Suzano, SP, Brazil).
Scanning electron microscopy
Films, about 2 mm thick, were used to obtain scanning electron microscopy (SEM) micrographs. The analysis was performed in a LEO 1430 VP microscope (Zeiss, Cambridge, England) at a 20 kV acceleration voltage. The samples were placed in "stubs" with carbon tape and coated with gold under vacuum for 180 seconds (metallisation) and then fixed to the microscope and photomicrographed.
Optical properties
The color of the films was measured using a Color Quest XE colorimeter, Hunter Lab (Reston, VA, USA) and the CIE system (L *, a *, b *) with a D65 light source, 10°observer angle and reflectance mode. The parameters analyzed were: (L *, a *, b *), haze index, and chroma saturation index (C*). The results were expressed as the average of five readings in three replications. The transparency of the films was determined by transmittance percent (% T) at 600 nm using a GBC UV/VIS 918 spectrophotometer (Shimadzu, Tokyo, Japan) according to the D1746-03 Method. [13] Transparency (T 600 ) was calculated by Equation 1:
where δ is the film thickness (mm).
Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) of the films was measured in a Thermo Scientific Nicolet 6700 spectrophotometer, equipped with a DTGS-KBr detector and KBr beam splitter (Vernon Hills, Illinois, USA). Samples of each film were used to perform 64 scans in the midinfrared range (4000 to 400 cm −1 ) with a spectral resolution 4 cm −1 to obtain the spectra.
Water vapor permeability
The water vapor permeability (WVP) of the films was determined by the accumulation method according to ASTM E398-03, [14] with Permatran W1/50 G equipment (Minneapolis, MN, USA). The equipment was calibrated with reference film provided by the manufacturer and the nitrogen gas pressure used was 200-300 kPa during the test. Tests were performed in three replicates and WVP (g m
) was calculated according to Equation (2):
In which: δ is the film thickness, WVTR is the water vapor transmission rate and ΔP represents the difference in vapor pressure between the two faces of the film: ΔP = S(R1 -R2); S is the saturated vapor pressure at the test temperature (6.5537 kPa), R1 is the RH on the wet side of the capsule (50%), R2 is the RH on the dry side of the capsule (10%).
Results and discussion
Scanning electron microscopy
Figures 1 and 2 present the WPI film surface micrographs obtained via SEM. The control film (MMT0CA0) (Figure 1-I-a) showed a smooth and homogeneous surface. The montmorillonite clay presents as white particles in the SEM images. [15] The MMT1CA0 film showed as porous, with agglomerates and possible MMT dispersion with an average particle size of three micrometer (Figure 1-I-b .) The MMT3CA0 film showed to be more homogenous, with no porosity and with agglomerated particles in the WPI matrix ( showed higher agglomeration of citric acid crystals. This result corroborated the X-ray diffraction results (XRD) presented by Azevedo, et al. [8] in which the diffraction peaks show possible dispersion results for the films with 1% MMT.
Optical properties
The optical properties of transparency, the haze index and a* underwent significative interaction of the MMT and CA factors ( Table 1) . The luminosity (L *), ranging from 90.87 to 92.29, was not significantly different among treatments. This result can be attributed to low MMT concentrations present in the films, since with the increased MMT addition a brightness reduction may occur.
The scattering of light through an object is responsible for a reduction in its visualisation, this being measured by the haze ratio. The light which is scattered when passing through a thin skin or film of a material can produce a hazy or smoky field when the objects are viewed through the material. [16] The haze index shows the irregularities of the reflective surface of the film, influenced by specific parameters during the film formation, such as dispersion degree, the clay type and the compatibility between the film constituents. It is a measure of the surface irregularity and heterogeneity. [2] There was an increase in the haze index with increased irregularities of MMT3CA5 and MMT3CA10 films compared to the MMT1CA5 and MMT1CA10 films (Table 1) . This fact can be explained by possible agglomerates, a higher MMT concentration and formation of a crystal structure by the presence of citric acid crystals which were not dispersed in the MMT3CA5 and MMT3CA10 films according to the XRD results shown by Azevedo, et al.
[8] The MMT1CA10 film presented a decreased haze index and a reduction of irregularities characterised by a smooth, homogeneous surface (Table 1 ). The transparency of MMT0CA5 and MMT0CA10 films showed no significative difference in relation to WPI. The MMT3CA5 and MMT3CA10 films showed a reduction in transparency in relation to MMT1CA5 and MMT1CA10 films (Table 1) . Sothornvit, et al. [2] studied WPI films incorporated with different concentrations of sodium montmorillonite and also found a reduction in transparency from 14.38 (WPI film) to 4.22 (film with 20 g MMT) with increasing clay content. These authors reported that the decrease in transparency can be caused by agglomeration of the MMT nanoparticles. Rhim [17] also found a reduction in transparency, 70.3%-51.9%, in nanocomposite films with increasing concentration of sodium montmorillonite. The parameter (-a*), which corresponds to an tendency towards green, increased with the addition of MMT. Whith the addition of CA this parameter decreased in concentrations from 0 to 1% MMT. However, adding 3% MMT combined with CA showed no significative difference (Table 1) . The parameters hue, chroma and b* underwent significative influence only regarding the MMT content (Table 2) . Chroma is a measure of color saturation. [18] Thus, pale or gray colors have a low saturation value. We observed low chroma values, being characterised by paler films, i.e., with little color intensity. The b* parameter, (yellow), increased with the MMT concentration. Hong and Rhim [19] reported that increase in a* and b* parameters could be due to incomplete MMT dispersion in a hydrophilic polymer, such as WPI. The hue angle values are assigned to the color tone and through them we can estimate the position of the sample in the color solid. There was a significant decrease in hue with the addition of only 3% MMT, the values showing to be located in a yellow tone within the CIELAB system color solid. 
Fourier transform infrared spectroscopy
Spectroscopy in the infrared region is used in determining the characteristics of the polymer matrix and alterations of intermolecular interactions of the nanocomposites. [18] When there is mixing of the compounds, chemical interactions and physical connections are represented as changes in the spectral peaks, [20] Figure 2 , presents the spectra of the studied films. The vibration located in the spectral range of 800-1150 cm−1 is assigned to glycerol bands corresponding to C-C and C-O band vibrations. [21] The vibration in the region 3600-3400 cm −1 is attributed to the O-H stretching vibration. [18, 22] Which, according to Martins, et al. [20] overlaps the N-H stretching vibrational. Studies on proteins in this spectral region have shown that a band corresponding to N-H usually appears at 3254 cm −1 . [23] The spectral region 3000-3600 cm −1 was characterised by having a wide band with intensities the near 3279-3285 cm −1 range for all WPI films (Figure 2a-c) . This bandwidth is related to cross-linking of proteins that were probably derived from a higher crosslinking degree of the protein network with the chains nearest to one another, promoted by hydrogen bonds and hence, lower amounts of free -OH groups. [24] Moreover, the evidence of crosslinking reaction between CA and WPI in WPI/CA film would be after washing the residual acid thoroughly with water.
Peaks of amide groups at 1650 and 1590 cm −1 are attributed to C = O and N-H stretching, respectively. [25] All the films showed a peak in the region from around 1634 to 1636 cm
. However, the addition of citric acid in the MMT0CA5; MMT1CA5 and MMT3CA5 films decreased the intensity of those peaks and consequent interaction between molecules (Figures 3a, 3b, 3c) . A broad peak at 1729 cm −1 is a C = O vibrational stretch. Since it is unlikely that all the carboxylic groups are esterified, then probably a peak coalescence is caused by the ester bond and the citric acid C = O carboxylic groups. [26] The reduction of the interaction strength is related to the frequency (or wavelength) in the vibrational stretch displacements. Thus, the lower the frequency of the peak, the stronger the interaction. [27] A vibration at 1084 cm −1 is attributed to stretching of the -CO functional group. [18] The shift to shorter wavelengths, as seen in all films around 1040 cm −1 , may indicate an increased interaction between the components of the same composite system. Ning, et al.
[8] studied the effect of citric acid on thermoplastic starch with sodium montmorillonite nanocomposites and found a shift of the peaks to lower wavelengths, reporting a possible interaction between MMT and CA. For the evaluation of the vibration intensity, the films with 5% CA presented a wavelength reduction and the consequent interaction between molecules. 
Water vapor permeability
The interaction of MMT and CA factors was significant for WVP. Thickness control is an important variable in studies of barrier properties. With the increased thickness, there is a reduction in the water vapor transfer resistance and lower WVP. [28] In this work, the thickness of the films was not significantly different (p < 0.05) and ranged from 0.18 to 0.25 mm. For use as packaging, protein based films, or biodegradable materials need to have low permeability to water vapor or gases. The WVP of WPI films decreased with increasing MMT (Table 3 ). According already reported by Azevedo et al.
[8] on XRD and TEM, this films had interaction between MMT and CA in the WPI matrix resulted in bio-nanocomposites with exfoliated structures. WPI is a hydrophilic polymer having hydroxyl groups, so the water could easily permeate the film. In the presence of MMT, a difficult path is formed with the dispersion of MMT lamellae in the polymer matrix, hindering the passage of water vapor. [8, 29] Li, et al. [29] studied WPI films and titanium dioxide nanoparticles. The authors observed a reduction of about 2.89 x 10 -10 gm −1 .s −1 .Pa −1 in the WVP with a titanium dioxide concentration above 0.25%. Films containing only WPI and different amounts of glycerol were studied by Kokoszka, et al. [30] These authors found lower WVP at a relative moisture between 30-53% and reported that an increase in the WPI concentration increases the WVP due to the presence of hydroxyl groups in larger quantities. Ozdemir and Floros [31] studied the optimisation of WPI film formulations with sorbitol, beeswax and potassium sorbate and demonstrated that the WVP decreases with protein content when there is an incorporation of lipids in the matrix.
The addition of CA also decreased the WVP of the films in relation to the control film. It was observed that the MMT3CA5 combination had the lowest WVP (Table 4) . Park, et al. [32] reported that citric acid may also be used as a plasticiser, substituting glycerol. These authors report that in the presence of citric acid, the hydrogen bond formed with a hydroxyl group and a carboxyl group enhances the inter/intramolecular interaction of the additives present in the film. Ning, et al. [8] studied the effect of citric acid on the processing of thermoplastic starch and sodium montmorillonite nanocomposites. These authors reported that citric acid helps MMT dispersion with a WVP reduction of about 2 x 10 -10 gm −1 .s −1 .Pa −1
. Ma, et al. [33] studied rice starch and pea starch films incorporated with citric acid and also found a WVP reduction.
Conclusion
Based on the color parameters studied, especially transparency, chroma, and on the non-significant effect of L*, small alterations of the optical properties of WPI films incorporated with MMT and CA were observed, resulting in opaque films without affecting their overall appearance. The SEM showed possible dispersion results for MMT1CA5 and MMT1CA10 films. Spectroscopic peaks in the infrared showed strong interactions between CA, MMT and WPI, thus providing evidence for the formation of a stable structure. The MMT3CA5 film showed low WVP, proving strong interactions between the constituent compounds of the nanocomposite. Therefore, this whey protein based film can be applied to carry food additives, such as citric acid, targeting, for example, its activity in retarding the enzymatic browning observed in various foods.
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